Purpose: Modern 3D image acquisition systems represent a crucial technological development in the field of facial anatomy, thanks to their accuracy and precision. The recent introduction of portable devices can improve facial databases, increasing the number of applications. In the present study, the VECTRA H1 portable stereophotogrammetric device was validated to verify its applicability to 3D facial analysis.
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REPEATABILITY
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Introduction
In the last decades, new 3D image acquisition systems have revolutionized procedures for assessing facial morphology and metrics. As a consequence, traditional methods of direct anthropometry (based on the use of calipers) were replaced by innovative methods of 3D analysis (1) , which allow to perform not only linear and angular, but also surface areas and volume measurements, as well as registration and superimposition of 3D surfaces (2-5).
One of the most frequently applied technology for the assessment of facial soft tissues is stereophotogrammetry, which consists in two or more cameras that capture the same image simultaneously from different angles (6). The different images acquired with overlapping fields of view are then merged into a 3D model. This type of technology allows a quick image acquisition, so avoiding the effects of involuntary head movements and mimicry, and does not request contact with facial surface, which may increase errors due to traditional methods of measurement (1, 7, 8) .
Stereophotogrammetry is currently applied to a number of research fields linked with facial anatomy, maxillofacial and aesthetic surgery, concerning the assessment of facial modifications during growth in children (9), the analysis of facial features in patients affected by acquired and genetic pathologies (10-12), the evaluation of anatomic standards of symmetry (13) , the study of mimicry in healthy people and patients affected by facial impairments (13) (14) (15) (16) ).
However, current stereophotogrammetric systems have some limits, being the first and the most important the high encumbrance of the device including the entire system with the multiple cameras. As a consequence, these instruments cannot be easily moved in other locations, and their transport is discouraged. In addition, stereophotogrammetric devices are expensive and require frequent calibration (17) . This limit represents a serious M A N U S C R I P T
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4 obstacle for the acquisition of facial images and the construction of a complete database, especially for what concerns the analysis of patients affected by severe pathologies or genetic syndromes, who cannot move independently, or hospitalized subjects.
In the last years novel models of portable stereophotogrammetric devices appeared in commerce: these systems can obtain a 3D facial model through compact instruments with cameras and a laptop (18) . Different from traditional static systems, these instruments require the operator to acquire three images of the same subject from different angles within a limited time period, in order to obtain a final 3D facial model. These new devices may provide a strong innovation to the study of facial anatomy, and may help in increasing facial databases, so extending the fields of possible research.
However, the hand-held acquisition systems need to be validated to verify if they can provide a reliable 3D acquisition of faces: from this point of view, their main weak point is the need for a sequential acquisition of three images, whereas the static stereophotogrammetric systems acquire all of them in the same time. This difference may increase the possible influence of head and facial involuntary movements in the reconstruction of the final 3D model (18) .
So far only one article performed a validation of a portable stereophotogrammetric device (VECTRA H1) in comparison with a 3dMD static system (18) . The authors analyzed the repeatability of linear measurements belonging to the same individuals taken on the 3D facial models obtained through the portable and static devices. In addition, a superimposition procedure was performed registering the VECTRA H1 facial model onto the 3dMD one (18) .
Although the study provides an important contribution in verifying the reliability of VECTRA H1 system for assessing facial morphology, also confirming the important influence of involuntary movements, some aspects of validation were not fully addressed.
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For example, an intra-device repeatability still needs to be verified, analyzing two scans obtained through the same device and comparing the performances reached by the two systems. In addition, surface areas and volumes have not been taken into consideration yet in order to validate the novel portable systems, although they represent important measurements in the field of 3D facial assessment.
The current study aims at extending the existing literature concerning the validation of portable stereophotogrammetric systems applied to facial anatomy. In particular, the VECTRA H1 system, already tested by Camison et al. (18) , was compared with the static device commercialized by the same company, VECTRA M3, providing further data for the validation of this promising and innovative technology.
Materials and methods
Sample recruitment
Fifty volunteers (16 males and 34 females, aged between 19 and 61 years) were recruited for the present study. The sample size was automatically determined according to the database of subjects who underwent both to M3 and H1 scans (confidence level: 95%; confidence interval: 5%). Exclusion criteria were deformations, pathologies, impairments or traumatic events involving the facial area. Subjects with beards were excluded from the study, as the stereophotogrammetric device is not able to acquire surface areas covered by excess facial hair. All the subjects signed an informed consent. The study is in line with the guidelines provided by Helsinki Declaration and was approved by university ethical committee (26.03.14; n° 92/14).
Each volunteer was requested to remove possible jewelry and hair were pulled back through a band in order to expose forehead and ears. A series of 50 landmarks was marked on each face through eyeliner, according to our standardized procedure for 3D acquisition (6).
Three calibrated operators performed all the scans; their experience with the static system ranged from 4 to 6 years, with the portable instrument it was of 3 months.
Each subject was acquired twice through the portable VECTRA H1 system and twice by the static VECTRA M3 device (Fig. 1) . Both devices are commercialized by Canfield Scientific, Inc., Fairfield, NJ, USA. The acquisitions were performed consecutively in the same room. Between the scans made by the two devices few minutes elapsed.
Modalities of acquisition differed according to the type of device; in both cases the volunteers were requested to sit on a stool and to keep a neutral position. For the static VECTRA M3, the stool was in front of the three pods system, while for the acquisition through VECTRA H1 the stool was in a corner of the room. The operator took the three images some seconds one from each other in the specific conditions suggested by the producer: the first capture occurred keeping the camera 45° to the volunteer's right side and 20-30 cm circa below the volunteer's face, the second one in frontal position and the third one keeping the camera 45° to the volunteer's left side, in a similar condition of the first capture. All procedures were performed following the producer's guidelines. During the entire acquisition session, the device was linked to a laptop in order to verify the accuracy of 3D reconstructions.
The same procedure of acquisition was also applied five times to a mannequin head, for a total of ten scans through VECTRA H1 and ten scans through VECTRA M3; this would test the same measurements of 3D-3D surface registration in absence of head and facial movements. Fifteen linear measurements and 12 angles were automatically calculated through Faces software, developed by our laboratory specifically for the extraction of metrical measurements from coordinates (Tables 1 and 2 ), after the selection on the 3D model of 12 facial landmarks previously marked on the volunteers' face and defined according to Farkas (Fig. 2, 19 ). Linear distances and angles were chosen to provide a general evaluation of facial metrical characteristics according to all the anatomical planes (11).
For the assessment of reliability of surface area and volume measurements, at first a FAI (facial area of interest) was selected from the 3D models as the facial surface comprised between trichion, frontotemporale, zygion, tragion, gonion and gnathion landmarks. The selection of FAI was automatically performed by the 3D elaboration software once the eyeliner markers were identified on the digital reconstruction. The entire procedure has already been published and was found to be well repeatable (20) . The surface area and volume of each FAI was automatically calculated by the VAM® software.
Finally, the FAIs belonging to the same individual were registered and superimposed one on each other to assess the point-to-point RMS (root mean squared) distance between the two 3D surfaces: in detail, the two scans performed through the same device (VECTRA H1 or VECTRA M3) were first registered and superimposed (Fig. 2) . Then the first scan obtained through VECTRA H1 was superimposed onto the first scan through VECTRA M3. In addition, all the above described registration and superimposition procedures were applied also to the scans of the mannequin head.
Statistical analysis
Intra-device repeatability of linear measurements, angles, surface area and volume of FAIs was assessed through Bland-Altman test (21) . In addition, the absolute (units: <1% excellent; 1-3.9% very good; 4-6.9% good; 7-9.9% moderate; >10% poor (18) .
For RMS point-to-point distance, differences in values obtained from the registration of scans performed through the same device and between the first H1 and the first M3 scans
were assessed through one-way ANOVA test (p<0.05). Post-hoc tests were performed through Student's t-test after correcting for the degrees of freedom. The same procedure
and test was applied to RMS values obtained from mannequin head scans.
Results
Results for linear measurements and angles are described in Tables mm; rTEM between 6.7 and 12.4%), while the inclinations of both palpebral fissures versus the true horizontal plane had a repeatability between 49.9 and 61.7% (TEM between 0.9 and 1.8 degrees; rTEM between 6.7 and 14.9%). In all other evaluated metrical measurements the relative technical error of measurement (rTEM) was mainly classified as excellent in intra-device (M3-M3 and H1-H1) comparisons, whereas in M3-H1
comparisons (both first assessment and mean) they were mainly classified as "very good", as shown in Table 5 acceptable differences were found only for M3-M3 comparisons (Table 6 ).
For what concerns surfaces registration (Fig. 4) First of all, we should mention the effect of facial mimicry (slight labial and eye movements), as already reported in literature (27, 28) , especially for the lower part of the face (29). Secondarily, these three measurements had the least magnitude, and previous studies reported that the smallest the measurements, and specifically philtrum breadth, the worst the reliability (30, 31).
In all the cases, the use of H1 scans worsened TEM/ rTEM values, both in H1-H1 and M3-H1 comparisons, probably because of the influence of involuntary facial movements. For the latter case, the assessment of mean values between two consecutive H1 scans seems to improve both repeatability and TEM/ rTEM values, and may be used to minimize the effects of subtle facial changes during acquisition, although this amelioration is slight and does not lead to an improvement of rTEM class in most cases.
Another type of measurements of great interest in 3D facial imaging is the RMS point-topoint distance between two 3D facial surfaces: facial registration and superimposition offer an innovative representation of the modifications due to surgical procedures or facial mimicry, with a number of applications in different fields (14, 16, 32) . Therefore, the validation of novel portable stereophotogrammetric devices should also consider the application of these procedures. Therefore, the present study highlights an important caveat for the application of portable stereophotogrammetric devices for 3D-3D surface registration and superimposition. In addition, it advises against the application of registration procedures to scans acquired through portable and static devices, as the metrical parameters for assessing point-topoint distances are expected to increase.
The present study adds new, additional information to the previous one (18) : first of all, the comparison was performed between devices produced by the same company, limiting the possible influence of machines and software commercialized by different trademarks.
Static VECTRA M3 was considered as reference and has already been validated in literature (6, 32). Moreover, the present data about M3-M3 registration and superimposition confirmed the previous validation study of the static device (6).
Secondarily, the comparison between the performances of VECTRA H1 and M3 was performed after an intra-device validation. This step is crucial to assess the repeatability of all the measurements applied in the comparison between scans obtained through the portable device.
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In addition, the measurement protocol was standardized in order to reduce possible influences due to the operator. For example, the selection of FAI was semi-automatically performed according to anatomical landmarks previously marked on the volunteers' face, whereas Camison et al. (18) All acquisitions were made after labeling the landmarks of interest on each face, according to our standardized procedure (6). Previous studies found that marking landmarks prior to taking measurements increases precision, regardless of method (7): the current reproducibility may decrease if facial scans were obtained without prior landmark labeling.
In conclusion, the present study provides an important contribution for validation of the novel portable stereophotogrammetric devices: hand-held VECTRA H1 system proved to be reliable in assessing linear, angular and surface area measurements, whereas volume assessment and 3D-3D registration were affected by unavoidable facial movements between the consecutive captures. In addition, caution should be taken in case of 3D-3D registration of scans from portable and static devices. These results will provide a help for the validation of the innovative 3D acquisition systems in the field of facial anatomy and imaging.
Alongside with validity and repeatability of the measurements, there are other technical aspects to be considered. The portable instrument does not need a space to be housed, and it can be used outside the laboratory to meet patients and subjects where they live and work. Additionally, its cost is about half of that of the static system. Together with a lower repeatability in comparison with the fixed instrument, it takes a longer time to show the final 3D facial model, and an immediate simulation cannot be performed. When choosing the instrument for data collection, both advantages and limitations should be attentively considered, and the choice should also value the final goal of each investigation.
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